Key points {#sec1}
==========

•Rhinosinusitis is clinically defined as the presence of nasal drainage (anterior or posterior), nasal congestion, facial pain/pressure, and/or reduced sense of smell.•In acute rhinosinusitis, nasal symptoms last for less than 12 weeks and inflammation is often secondary to a viral or bacterial infection.•In chronic rhinosinusitis (CRS), nasal symptoms persist for longer than 12 weeks and the inflammation observed is secondary to impairments in the epithelial barrier, dysregulation of the host immune response, and potentially infections (or colonization) by pathogens.•CRS and asthma have a strong clinical association and share similar pathophysiologic mechanisms in support of the unified airway hypothesis.

Introduction {#sec2}
============

The unified airway hypothesis suggests that the nose and lungs are not separate organ systems but instead are part of the same continuum. Inflammation of the upper respiratory tract can affect the lower respiratory tract and vice versa. Viral and bacterial respiratory pathogens have long been known to induce acute inflammation in the airways and some have been implicated in the development of more chronic diseases. Rhinosinusitis and asthma are 2 common respiratory diseases that have been linked together on a clinical, as well as a pathophysiologic, basis ([Fig. 1](#fig1){ref-type="fig"} ). In this review, associations between rhinosinusitis and asthma will be explored, with particular emphasis placed on the role of infections and inflammation.Fig. 1Sinus infections, inflammation, and asthma. (1) Viral and bacterial respiratory pathogens are the most common cause of ARS, can exacerbate preexisting asthma, and potentially can lead to the development of asthma in certain populations. (2) In chronic rhinosinusitis with nasal polyp (CRSwNP) and asthma, impaired tight junctions, dysregulated immune responses, and possible infections (or colonization) by pathogens contribute to chronic airway inflammation. (3) The unified airway hypothesis suggests that upper airway inflammation can influence lower airway disease and vice versa further supporting the strong clinical association noted between CRSwNP and asthma.(*Courtesy of* J. Schaffer, MAMS, Chicago, IL.)

Acute rhinosinusitis {#sec3}
====================

Acute rhinosinusitis (ARS) is defined as the presence of nasal drainage (anterior or posterior), nasal congestion, facial pain/pressure, and/or reduced sense of smell. Depending on which guidelines are followed, ARS symptoms last either for less than 4 weeks[@bib1] or 12 weeks.[@bib2], [@bib3] ARS is a clinical diagnosis, and objective confirmation by sinus computed tomography (CT) scan or nasal endoscopy is generally not indicated. Patients can have more than one episode of ARS each year but importantly, they are asymptomatic in the intervening periods.

Acute rhinosinusitis is extremely common. Studies specifying ARS found a disease prevalence of 6% to 15%,[@bib2], [@bib4] with an estimated 0.035% of the population suffering from recurrent episodes.[@bib5] Between 2006 and 2010, there were an estimated 21.4 million ambulatory care visits with a primary diagnosis of ARS.[@bib6] Furthermore, in 2015 alone, acute upper respiratory infection (or presumed ARS) was one of the top 20 leading diagnoses for outpatient office visits.[@bib7]

Pathogens and acute rhinosinusitis {#sec4}
==================================

Certain individuals may be predisposed to rhinosinusitis due to allergic rhinitis, allergy, smoking history, or a mechanical obstruction of the sinus ostium.[@bib2], [@bib3] However, for most patients, upper respiratory tract infections are most often responsible. ARS is classically divided into 2 main subtypes based on the cause and duration of symptoms. Acute viral sinusitis lasts for less than 10 days with a rapid peak and then decline in nasal symptoms. The most common viruses isolated in ARS are rhinoviruses and coronaviruses, but respiratory syncytial virus (RSV), influenza virus, parainfluenza virus, enterovirus, and adenovirus can also be the causes.

If acute upper respiratory symptoms persist for greater than 10 days, or if symptoms initially improve but then worsen again, acute bacterial rhinosinusitis (ABRS) should be considered. In these patients, additional symptoms that are more likely to be observed include persistent purulent nasal drainage, severe facial pain, fever, and dental pain.[@bib1], [@bib2], [@bib3] ABRS generally develops following acute viral rhinosinusitis but overall is not a common occurrence, developing in only 0.5% to 2% of cases.[@bib8], [@bib9]

Pathogens most associated with acute bacterial rhinosinusitis include *Streptococcus pneumoniae*, *Haemophilus influenzae*, *Moraxella catarrhalis*, *Staphylococcus aureus*, and *Streptococcus pyogenes*. Since the introduction of the Pneumococcal conjugate vaccine, the pathogen profile of ARS has changed with a declining incidence of *S pneumoniae* and increasing incidence of *H influenzae, S pyogenes*, and *S aureus*.[@bib10] Anaerobes such as Fusobacterium, Peptostreptococcus, and Bacteroides spp. account for a smaller percentage of ABRS cases.[@bib11], [@bib12] Infections with gram-negative bacteria are unusual in community settings and the presence of Enterobacteriaceae or Pseudomonas spp. suggest a chronic underlying condition or a dental infection that has migrated to the sinuses.[@bib13], [@bib14]

Acute rhinosinusitis and asthma {#sec5}
===============================

It is well known that acute upper respiratory infections are capable of exacerbating preexisting asthma. However, one episode of ARS is not generally associated with having a higher risk of developing asthma per se. As discussed earlier and in the preceding chapters, there are specific pathogens associated with ARS that have also been associated with the development asthma. For example, RSV infections in infancy are a risk factor for developing allergic asthma in adolescence.[@bib15], [@bib16], [@bib17] Likewise, human rhinovirus in infants was also associated with higher incidence of having asthma as an adult.[@bib18], [@bib19], [@bib20], [@bib21] Elucidating the key mechanistic links between specific viral (or bacterial) pathogens and development of new onset asthma is critical not only for better understanding of the link between the upper and lower respiratory tract but also for identifying potentially modifiable factors that could lead to disease prevention.

Chronic rhinosinusitis {#sec6}
======================

In contrast to ARS, chronic rhinosinusitis (CRS) is characterized by chronic inflammation of the sinonasal mucosa. The diagnosis of CRS is made clinically in patients exhibiting anterior or posterior nasal drainage, nasal congestion, facial pain or pressure, and/or decreased sense of smell for greater than 12 weeks.[@bib2] Among patients reporting CRS symptoms, objective evidence of chronic inflammation should be confirmed either by direct visualization with nasal endoscopy or by sinus CT scan. A small subset of patients with CRS (∼20%) also has nasal polyps, which are benign inflammatory outgrowths of the sinonasal mucosa.[@bib2], [@bib22] Such patients are aptly referred to as having CRS with nasal polyps (CRSwNP) leaving the remaining majority of patients with CRS as having CRS without nasal polyps (CRSsNP).

Using symptom-based criteria, the overall prevalence of CRS within a primary care US population was 11.9%.[@bib23] This is similar to earlier studies in Europe that reported the prevalence of CRS to be 10.9%.[@bib24] Among tertiary care populations, however, the prevalence of CRS is estimated to be even higher given a possible referral bias. In a longitudinal study of adults reporting CRS symptoms in a US general population, the lifetime prevalence of CRS was estimated to be 27.5% with an annual cumulative incidence of almost 2%.[@bib25] As a comparison, the lifetime prevalence of asthma in adults was 13.9% according to the 2016 National Health Interview Survey.[@bib7] The annual cost of these diseases has been estimated to be between \$22 to \$33 billion for CRS[@bib26], [@bib27], [@bib28] and \$81.9 billion for asthma.[@bib29] Taken together, asthma and CRS are prevalent within the US population and can place large socioeconomic and financial burdens on affected patients and the health care system.

Chronic rhinosinusitis and asthma: clinical observations {#sec7}
========================================================

The relationship between CRS and asthma remains of great interest from both a clinical as well as a pathophysiologic perspective. Although not every patient with CRS has asthma and vice versa, a strong and independent association between these conditions has been reported. In a large European study, asthma was more prevalent in patients with CRS than without (odds ratio \[OR\] 2.71).[@bib30] Furthermore, patients with CRSwNP were more likely to have asthma than those with CRSsNP,[@bib31] with one study reporting asthma in as many as 48.3% of patients with CRSwNP compared with only 16.5% with CRSsNP.[@bib32] A study from France also found that most of the asthmatics had abnormal sinus CT scans.[@bib33] Similarly, asthmatic patients with CRS were more likely to have nasal polyps than nonasthmatic patients with CRS.[@bib34]

Exactly when (and why) patients develop CRS and asthma remains unclear. CRS is primarily a disease of adulthood, and given that the sinuses do not entirely form until late adolescence, other diseases, including cystic fibrosis, should first be considered in children presenting with nasal polyps.[@bib35] Although asthma can develop either in childhood or later in life, CRS is more significantly linked with adult-onset asthma.[@bib30] In particular, patients with CRS were more likely to develop nasal polyps if they had adult-onset versus childhood-onset disease.[@bib36] Asthma may precede the diagnosis of CRSwNP[@bib37] or develop following the diagnosis of CRSsNP.[@bib38] However, it is more likely that the time frame in which CRS and asthma develop is variable and depends on a variety of yet to be identified factors.

The association between CRS and asthma has important clinical implications. Among 250 patients with CRS at a tertiary care facility, those with asthma had significantly worse sinus CT and nasal endoscopic scores compared with patients with CRS without asthma.[@bib31], [@bib39] Furthermore, the more severe the asthma, the greater the likelihood of having severe CRS.[@bib40] In the United States, the Severe Asthma Research Program identified distinct clinical phenotypes of severe asthma, with the cluster of asthmatics with the most severe airflow limitations at baseline being the same group with the highest percentage of reported sinus disease.[@bib41]

Although asthma can influence sinonasal disease severity, CRS is also associated with more severe asthma. Patients with both CRS and asthma had lower lung function (percentage predicted forced expiratory volume in the first second of expiration and forced vital capacity) and quality of life when compared with patients with asthma alone.[@bib42] Furthermore, severe CRS is an independent risk factor for having frequent asthma exacerbations (OR 5.5),[@bib43] and patients with severe asthma were more likely to undergo sinus surgery for nasal polyps when compared with patients with mild asthma.[@bib44] Finally, when compared with patients with CRSwNP alone, those with both CRSwNP and asthma were significantly more likely to have enhanced sinonasal disease on sinus CT scan, to undergo more sinus surgeries and to be dependent on chronic oral corticosteroids for management of their disease.[@bib45] Taken together, these studies highlight the fact that CRS and asthma are frequently associated together in the clinical setting and the presence of one can significantly enhance the severity of the other. As such, it remains important to evaluate patients with CRS for asthma as well as asthmatic patients for CRS to optimize disease diagnosis and management.

Chronic rhinosinusitis and asthma: pathophysiologic observations {#sec8}
================================================================

To better understand the mechanisms contributing to the clinical associations observed between CRS and asthma, nasal and pulmonary tissues would ideally be isolated at the same time from the same patient and then compared. Not surprisingly, such studies are exceedingly rare but in one such investigation a strong correlation in inflammatory profiles was observed between nasal polyp and bronchial biopsies.[@bib46] Larger mechanistic studies have also separately advanced the knowledge of the underlying cellular and molecular processes contributing to either asthma or CRS pathogenesis.[@bib47], [@bib48], [@bib49] Although an exhaustive summary of these findings is beyond the scope of the current review, focus will be placed on highlighting some of the key features of CRS especially in comparison to asthma.

As mentioned previously, the strongest association between asthma and CRS is observed among patients with CRSwNP. This is not surprising because, similar to what is observed in most of the asthmatics, nasal polyps in the United States and Europe are predominantly characterized by type 2 inflammation.[@bib50], [@bib51], [@bib52], [@bib53] Eosinophils as well as their granule proteins (eg, eosinophil cationic protein, eosinophil peroxidase) are elevated in nasal polyps compared with healthy control sinonasal tissue.[@bib50], [@bib54], [@bib55] Other type 2 immune cells, including mast cells, basophils, and group 2 innate lymphoid cells, are also increased in nasal polyps.[@bib56], [@bib57], [@bib58], [@bib59], [@bib60], [@bib61] This robust type 2 inflammatory response is orchestrated in part by elevated levels of prosurvival and chemotactic mediators such as interleukin 4 (IL-4), IL-5, IL-13, eotaxins, and thymic stromal lymphopoietin.[@bib55], [@bib62], [@bib63], [@bib64]

In contrast to CRSwNP, CRSsNP was originally characterized by type 1 inflammation due to elevated levels of interferon gamma (IFNγ) detected in this subtype.[@bib54], [@bib63] However, subsequent studies have challenged this dichotomy and shown no differences in IFNγ levels observed between CRS subtypes.[@bib50], [@bib55], [@bib65] A more recent comprehensive analysis evaluating the expression of several inflammatory mediators in different sinonasal tissues in CRS suggested that CRSsNP is instead a heterogenous disease.[@bib66] In this work, 23% of patients with CRSsNP had a predominant type 1 phenotype as assessed by IFNγ gene expression levels above the 95th percentile of what was observed in healthy controls. Furthermore, 36% of patients with CRSsNP had increased gene expression of type 2 inflammatory mediators above the 95th percentile of what was measured in controls.[@bib66] The clinical relevance of these different endotypes, and why CRSsNP in general has a weaker association with asthma compared with CRSwNP, is unclear and remains the focus of ongoing investigations.

The adaptive immune response has also been characterized in CRS with both T and B cells thought to play important roles. T cells that produce type 2 inflammatory cytokines are increased in nasal polyps.[@bib50], [@bib67] In addition, naïve B cells and plasma cells are elevated in nasal polyps when compared with healthy controls.[@bib68], [@bib69], [@bib70] Total levels of antibodies (including immunoglobulin E \[IgE\] and IgG) are significantly higher in nasal polyps when compared with peripheral blood of matched patients as well as healthy sinonasal tissue.[@bib69] The function of this local antibody production as well as the specificity of the antibodies generated is still largely unknown. However, IgG antibodies that are self-reactive[@bib71] and IgE antibodies against *S aureus* and its enterotoxins[@bib72] as well as other bacteria such as *H influenzae* [@bib73] have been described.

Besides having an enhanced immunologic response, CRS is also characterized by a dysfunctional epithelial barrier with tight junctions, host defense proteins, and mucociliary clearance factors all found to be impaired.[@bib47], [@bib74], [@bib75] These findings, in most regard, are similar to what has been reported in the lower respiratory tract of asthma.[@bib76], [@bib77] A weakened epithelial barrier can have profound consequences, because the upper and lower respiratory tracts are constantly exposed to millions of microbes daily. In a healthy host, these microbes are routinely cleared without inciting an inflammatory response, but in CRS such processes are impaired.[@bib78] It remains unknown if the impaired epithelial barrier leads to increased pathogen recognition by the host or if the exposure to pathogens in the respiratory tract leads to epithelial barrier damage. Either way, the endpoint could be the initiation and potentiation of a robust immunologic response.

Pathogens and chronic rhinosinusitis {#sec9}
====================================

*S aureus* is known to colonize the nasal mucosa,[@bib79] and it has been one of the most studied microbes in CRS. One hypothesis suggests that the bacteria itself is directly involved in driving CRS pathogenesis, damaging the epithelial barrier and activating the host immune response. Ex vivo studies of nasal polyp explants infected with *S aureus* showed reduced gene expression levels of various tight junction proteins when compared with similarly infected healthy nasal mucosa.[@bib80] In addition, in a separate study, *S aureus* was reported to bind to TLR2 and induce type 2 cytokine release from cultured epithelial cells.[@bib81] This in turn could potentially explain how colonization with *S aureus* in the nasal cavity could lead to the development of a chronic immunologic response. However, what is not addressed in these studies is why only some patients who are colonized with *S aureus* go on to develop CRS. Furthermore, in patients with CRSwNP, the presence of *S aureus* was associated with more severe sinus inflammation on CT scans but not sinonasal symptoms, suggesting this pathogen alone is not fully responsible for all aspects of disease.[@bib82]

Another hypothesis is that the immune response to *S aureus* is important in CRS pathogenesis. In support of this, type 2 inflammatory mediators were significantly elevated in nasal polyps of patients with detectable levels of specific IgE antibodies to *S aureus* enterotoxins (SAE), but no correlation was found between these markers and the presence of *S aureus* in the tissue.[@bib83] Specific antibodies to SAEs can induce basophil degranulation[@bib72] and mast cell activation,[@bib84], [@bib85] providing another possible mechanism by which *S aureus* could contribute to chronic type 2 inflammation. However, in a separate study, although patients with CRSwNP were more likely to have elevated serum levels of specific IgE to SAE compared with healthy controls, there was no association between these antibody levels and sinus disease severity as assessed by CT scan.[@bib86]

It is important to note that not all patients with CRS are colonized with *S aureus*, with one study reporting colonization rates of 27.3% in CRS versus 33.3% in healthy controls.[@bib87] Likewise, only 27.8% of patients who were colonized with *S aureus* had detectable specific IgE to SAE.[@bib87] However, both colonization with *S aureus* and the presence of specific IgE to SAE were significantly higher in those patients who had both CRSwNP and asthma (66.7% and 53.8%, respectively).[@bib87] In a meta-analysis, nasal *S aureus* colonization was only modestly associated with asthma prevalence (OR 1.19) in the general population or, after adjusting for study bias, among a subset of patients with CRS (OR 1.21).[@bib88] However, patients with detectable specific IgE to SAE were more likely to have severe asthma[@bib89], [@bib90], [@bib91] as well as reduced lung function and increased airway reversibility to bronchodilation.[@bib92] Taken together, specific IgE to SAE and/or *S aureus* may be important in CRS pathogenesis and related to comorbid asthma in a select group of patients, but the exact mechanisms for these associations are still unclear.

In addition to *S aureus*, other bacteria including coagulase-negative staphylococci, *H influenzae*, *S pneumoniae*, *Moraxella catarrhalis, Corynebacterium* spp., and *Propionibacterium acnes* have been detected in sinonasal samples of patients with CRS either by nasal culture or by measuring bacteria-specific 16S ribosomal DNA.[@bib93], [@bib94], [@bib95], [@bib96], [@bib97] Total bacterial counts did not correlate with sinus disease severity[@bib98] but, when compared with healthy controls, one study found patients with CRS to have significantly lower Actinobacteria levels (and lower *Corynebacterium* spp.) as well as reduced relative abundance of the genus *Peptoniphilus*.[@bib99]

Differences have also been reported in the nasal microbiome in patients with CRS with or without asthma. In one study, those with asthma had increased abundance of the phylum Proteobacteria, *M catarrhalis*, and *Staphylococcus xylosus* and decreased abundance of genus *Corynebacterium*, *Geobacter anodireducens/sulfurreducens*, and *Pelomonas puraquae*.[@bib100] In a separate study of 111 CRS cases, no significant difference in the diversity of bacterial species was noted between patients with CRS with and without asthma.[@bib101] Although, the relative abundance of *Streptococcus* spp. was significantly higher in patients with CRS with asthma as compared with without.[@bib101] Furthermore, asthmatic patients with CRS with emergency room (ER) visits for asthma had significantly higher relative abundance of Proteobacteria phylum (likely due to increased *Burkholderia spp.*) than patients who did not visit the ER for symptoms.[@bib101] These findings are interesting given that *Streptococcus* has been linked to asthma development in children[@bib102] and *Burkholderia* is associated with decreased lung function in patients with cystic fibrosis.[@bib103] However, how these bacteria are specifically involved in CRS pathogenesis is not known.

By comparing the frequency, abundance, and diversity of bacteria in patients with CRS with that observed in healthy controls, the ideal goal would be to identify particular bacteria that could be protective against or predispose toward developing the disease. Unfortunately, most studies to date have been descriptive without causality shown. In addition, there are significant variations between studies with differences in the patient demographics, where within the sinonasal cavity samples were collected, how the data were generated, and the methods by which the data were analyzed. To date, no one particular pathogen has been implicated in CRS, but an overall increased abundance and decreased diversity of the microbiome has been observed.[@bib104], [@bib105] It is thus likely that differences in the microbiome are important in CRS pathogenesis and in the link between CRS and asthma. However, further studies are needed to investigate what these key factors could be.

Future considerations/summary {#sec10}
=============================

There is a strong and important relationship between the upper and lower respiratory tracts whereby inflammation in one environment can influence the other. In acute rhinosinusitis, exposures to viral and bacterial pathogens are the primary driver for acute inflammation in the nose, which can then lead to exacerbations of asthma. In contrast, it remains unclear what precise role infections (or colonization) in the airways play in the development of CRS, but other factors, including the presence of an impaired epithelial barrier and dysregulated immune responses, can promote the chronic inflammation that is observed in CRS. Clinically, CRS is strongly associated with asthma with both diseases sharing similar underlying inflammatory processes. In conclusion, significant advancements have been made in identifying sinus infections and inflammation as important in asthma pathogenesis, but additional work is needed to further define the specific mechanisms responsible for connecting the nose with the lungs.
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